We study the production of a J/ψ meson in association with one or two jets in γγ collisions concentrating on the direct-photon contribution, which is expected to be dominant for large J/ψ-meson transverse momentum and/or large dijet invariant mass. We work at leading order in the factorization formalism of nonrelativistic QCD and include all relevant colour-octet processes. We present distributions in J/ψ-meson transverse momentum and rapidity appropriate for CERN LEP2, a future e + e − linear collider, and a possible γγ collider mode of the latter. In the case of the e + e − linear collider, we assume the beamstrahlung spectrum appropriate for DESY TESLA.
Introduction
Since its discovery in 1974, the J/ψ meson has provided a useful laboratory for quantitative tests of quantum chromodynamics (QCD) and, in particular, of the interplay of perturbative and nonperturbative phenomena. The factorization formalism of nonrelativistic QCD (NRQCD) [1] provides a rigorous theoretical framework for the description of heavy-quarkonium production and decay. This formalism implies a separation of short-distance coefficients, which can be calculated perturbatively as expansions in the strong-coupling constant α s , from long-distance matrix elements (MEs), which must be extracted from experiment. The relative importance of the latter can be estimated by means of velocity scaling rules, i.e. the MEs are predicted to scale with a definite power of the heavy-quark (Q) velocity v in the limit v ≪ 1. In this way, the theoretical predictions are organized as double expansions in α s and v. A crucial feature of this formalism is that it takes into account the complete structure of the QQ Fock space, which is spanned by the states 2S+1 L (a)
J with definite spin S, orbital angular momentum L, total angular momentum J, and colour multiplicity a = 1, 8. In particular, this formalism predicts the existence of colour-octet processes in nature. This means that QQ pairs are produced at short distances in colour-octet states and subsequently evolve into physical (coloursinglet) quarkonia by the nonperturbative emission of soft gluons. In the limit v → 0, the traditional colour-singlet model (CSM) [2, 3] is recovered. The greatest triumph of this formalism was that it was able to correctly describe [4, 5] the cross section of inclusive charmonium hadroproduction measured in pp collisions at the Fermilab Tevatron [6] , which had turned out to be more than one order of magnitude in excess of the theoretical prediction based on the CSM.
In order to convincingly establish the phenomenological significance of the colour-octet processes, it is indispensable to identify them in other kinds of high-energy experiments as well. Studies of charmonium production in ep photoproduction, ep and νN deepinelastic scattering, e + e − annihilation, γγ collisions, and b-hadron decays may be found in the literature; see Ref. [7] and references cited therein. Furthermore, the polarization of charmonium, which also provides a sensitive probe of colour-octet processes, was investigated [8, 9, 10, 11] . None of these studies was able to prove or disprove the NRQCD factorization hypothesis. On the one hand, the theoretical predictions to be compared with existing experimental data are, apart from very few exceptions [12, 13, 14] , of lowest order (LO) and thus suffer from considerable uncertainties, mostly from the dependences on the renormalization and factorization scales and from the lack of information on the nonperturbative MEs. On the other hand, the experimental errors are still rather sizeable. The latter will be dramatically reduced with the upgrades of DESY HERA and the Fermilab Tevatron and with the advent of CERN LHC and hopefully a future e + e − linear collider (LC) such as DESY TESLA. On the theoretical side, it is necessary to calculate the next-to-leading-order (NLO) corrections to the hard-scattering cross sections and to include the effective operators which are suppressed by higher powers in v.
In this paper, we take a first step towards the complete NLO analysis of a 2 → 2 process of heavy-quarkonium production in the NRQCD factorization formalism. We consider the inclusive production of J/ψ mesons in γγ collisions, γγ → J/ψ + X, where X denotes the hadronic remnant. The photons can originate from hard initial-state bremsstrahlung in e + e − annihilation. At high-energy e + e − LCs, an additional source of hard photons is provided by beamstrahlung, the synchrotron radiation emitted by one of the colliding bunches in the field of the opposite bunch. The highest possible photon energies with large enough luminosity may be achieved by converting the e + e − LC into a γγ collider via back-scattering of high-energetic laser light off the electron and positron beams.
The photons can interact either directly with the quarks participating in the hardscattering process (direct photoproduction) or via their quark and gluon content (resolved photoproduction). Thus, the process γγ → J/ψ+X receives contributions from the direct, single-resolved, and double-resolved channels. All three contributions are formally of the same order in the perturbative expansion. This may be understood by observing that the parton density functions (PDFs) of the photon have a leading behaviour proportional to
where α is the fine-structure constant, M is the factorization scale, and Λ QCD is the asymptotic scale parameter of QCD. However, the direct channel is expected to be dominant at large J/ψ-meson transverse momentum (p T ) and/or large invariant mass of the system X. In the following, we focus our attention on the direct channel.
Let us consider the relevant partonic subprocesses that lead to a J/ψ meson with finite p T , i.e. we leave aside 2 → 1 processes. The leading colour-singlet ME of the J/ψ meson is O g [15, 16, 17] . The relevant Feynman diagrams are depicted in Fig. 1(a) . A colour-singlet process is only possible if the system produced together with the cc pair forms a colour singlet, too. Among the 2 → 2 processes, the leading such process is γγ → cc 16, 17] , which proceeds through the Feynman diagrams shown in Fig. 1(b) . The leading 2 → 3 processes are γγ → cc(n)gg and γγ → cc(n)qq, where n = projector effectively closes the c-quark line and acts like a vector coupling and that the two gluons are then in a colour-singlet state, so that we are dealing with a closed fermion loop containing five vector couplings. This was also verified by explicit calculation. In the case of a ccqq final state, the two quark lines are, at the order considered, connected by a single gluon, which ensures that the cc andpairs are both in a colour-octet state.
In this work, we calculate for the first time the partonic cross sections of these 2 → 3 subprocesses. Requiring the two massless partons accompanying the cc pair to be hard and isolated, these results can be used to describe experimental data of γγ → J/ψ + 2j if the J/ψ transverse momentum and/or the dijet invariant mass are sufficiently large, so that the corresponding single-and double-resolved contributions can be neglected. Such data were taken at CERN LEP2 with moderate statistics, but a future e + e − collider is bound to deliver a copious amount. This avenue is taken here. As a by-product of our analysis, we check previous results for the 2 → 2 processes mentioned above [15, 16, 17] . In addition, we present the cross section of the partonic subprocess γγ → cc which has not yet been extracted from experimental data, is formally
, this yields a relativistic correction to the cross section of γγ → J/ψ + j.
On the other hand, the 2 → 3 cross sections under consideration here constitute an essential ingredient for the calculation of the NLO corrections to the inclusive cross section of γγ → J/ψ+X. In fact, integrating out the phase space of the two massless partons, one obtains the real radiative corrections, which suffer from both infrared (IR) singularities and collinear ones associated with the incoming photon legs. The latter are factorized, at some factorization scale M, and absorbed into the bare photon PDFs appearing in the appropriate single-and double-resolved cross sections, so as to render these bare PDFs renormalized. In this way, the direct, single-resolved, and double-resolved cross sections all become M dependent. However, this M dependence cancels in their sum, up to terms beyond NLO. The IR singularities cancel when the real radiative corrections are combined with the virtual ones. Finally, the ultraviolet (UV) radiative corrections contained in the latter are removed by renormalizing the couplings, masses, wave-functions, and nonperturbative MEs appearing in the LO cross section of γγ → J/ψ + X.
The single-and double-resolved cross sections of γγ → J/ψ + j were studied in Refs. [16, 17] , on the basis of the analytic results of Refs. [2, 9, 19] and [3, 5, 9] , respectively, and found to be generally more important than the direct one, especially for small values of p T . For the reasons explained above, our analysis is complementary to the ones of Refs. [16, 17] . This paper is organized as follows. In Section 2, we present, in analytic form, the cross sections of the partonic subprocesses γγ → cc
γ, and
g. Furthermore, we describe the kinematics of the 2 → 2 and 2 → 3 processes. The analytic results for the latter are too long to be listed. In Section 3, we present our numerical results for the cross sections of γγ → J/ψ + X, where X = j, γ, and γγ → J/ψ + 2j appropriate for LEP2, TESLA, and the γγ collider mode of the latter. Our conclusions are summarized in Section 4.
Details of the calculation
To start with, we list the cross sections of the partonic subprocesses γγ → cc g. Except for the last case, which we only consider at LO, we work in dimensional regularization with D = 4 − 2ǫ space-time dimension and introduce a 't Hooft mass µ. In this way, our results can be employed for a future NLO analysis as they stand. In the LO evaluation to be performed in Section 3, we put ǫ = 0.
We apply the projection method of Ref. [13] , which is equivalent to the D-dimensional matching procedure of Ref. [20] , in order to extract the short-distance coefficients which multiply the MEs. However, in order to conform with common standards, we adopt the normalizations of the MEs from Ref. [1] rather than from Ref. [13] . We find
where Q c = 2/3 and M/2 = m c are the fractional electric charge and the mass of the charm quark, respectively, s, t, and u are the Mandelstam variables, the first prefactor stems from the average over the photon polarization,
in contrast to what is stated in Ref. [16] . In the physical limit, ǫ = 0, Eq. (1) agrees with Eq. (7) of Ref. [15] , while it disagrees with the corresponding result presented in Ref. [16] . Our result for dσ/dt γγ → cc
γ disagrees with Eq. (7) of Ref. [16] . Furthermore, we obtain
For definiteness, the non-perturbative MEs in Eqs. (1) and (3) refer to the J/ψ meson, but these equations are also valid for other heavy quarkonia.
The respective cross section of e + e − → e + e − J/ψ + X is obtained by convoluting the sum of these partonic cross sections with the photon flux functions f γ/e (x), where x denotes the fraction of the electron or positron beam energy carried by the bremsstrahlung, beamstrahlung, or laser photons. Working in the e + e − centre-of-mass (CM) frame and denoting the nominal e + e − energy by √ S, the transverse momentum and rapidity of the J/ψ meson by p T and y, and those of the gluon jet or hard photon by p T 1 and y 1 , we have
− → e + e − J/ψ + X) dp
where
For a given value of √ S, the accessible phase space is defined by
We now turn to the case where the system X consists of two hadron jets. Calling the azimuthal angles, transverse momenta, and rapidities of the latter φ i , p T i , and y i , with i = 1, 2, we have
− → e + e − J/ψ + 2j) dp 2 T dydφ 1 dp
The analytic expressions for the various spin-averaged, squared matrix elements |M 2 |(γγ → cc(n)ab) are too lengthy to be listed here. The accessible phase space is now defined by
Numerical analysis
We are now in a position to explore the phenomenological implications of our results. We use α = 1/137.036 [21] and evaluate α (n f ) s (µ) from the LO formula taking the number of active quark flavours to be n f = 3, the renormalization scale to be µ = m T , and the asymptotic scale parameter to be Λ 
which follows from heavy-quark spin symmetry. In want of more specific information, we democratically split the linear combination
In γγ collisions at LEP2, the scattered electrons and positrons are usually antitagged, a typical value for the maximum scattering angle being θ max = 33 mrad [24] . The energy spectrum of the bremsstrahlung photons is then well described in the Weizsäcker-Williams approximation (WWA) [25] by Eq. (27) of Ref. [26] . Values as small as θ max = 20 mrad should be feasible at TESLA [27] . As already mentioned in the Introduction, at highenergy e + e − LCs, hard photons also arise from beamstrahlung. The energy spectrum of these beamstrahlung photons is approximately described by Eq. (2.14) of Ref. [28] . It is controlled the beamstrahlung parameter Υ, which is estimated to be Υ = 0.040 for TESLA. We coherently superimpose the WWA and beamstrahlung spectra. Finally, in the case of a γγ collider, the energy spectrum of the back-scattered laser photons is given by Eq. (6a) of Ref. [29] . It depends on the parameter κ = s eγ /m 2 e − 1, where √ s eγ is the CM energy of the charged lepton and the laser photon, and it extends up to x max = κ/(κ + 1), where x is the energy of the back-scattered photons in units of √ S/2. The optimal value of κ is κ = 2 1 + √ 2 ≈ 4.83 [30] ; for larger values of κ, e + e − pairs would be created in the collisions of laser and back-scattered photons. Representative e + e − CM energies of LEP2 and TESLA are √ S = 189 GeV and 500 GeV. In Figs. 4-8 , we quantitatively investigate the cross section of inclusive J/ψ-meson production in the collisions of two bremsstrahlung photons at LEP2. In Figs. 4 and 5, we present for γγ → J/ψ + X, where X represents a gluon jet (dot-dashed lines) or a prompt photon (dashed lines), the distributions in transverse momentum p T and rapidity y of the J/ψ meson, respectively. The solid lines refer to the sum of the contributions for X = j and X = γ. The cuts on p T and y are adopted from Ref. [24] . In the case X = j, the leading contribution comes from the is not yet available. Therefore, this contribution is not included in Figs. 4 and 5 . The distributions for X = j and X = γ only differ by the overall normalization, as is evident from Eq. (2). Obviously, the coupling suppression of the result for X = γ is less substantial than the suppression of the result for X = j by the fact that O J/ψ 8
. Since we assumed the same experimental set-up for the electron and positron beams, the y distributions displayed in Fig. 5 are all symmetric about y = 0. Figure 4 is similar to Fig. 1 of Ref. [17] , which we are able to reproduce, adopting the input parameters specified in that reference. We note in passing that Ref. [17] , too, disagrees with Ref. [16] for X = j and X = γ; see the statement contained in Ref. [21] of Ref. [17] .
In Figs. 6 and 7, we study the p T and y distributions of γγ → J/ψ + jj, respectively, again imposing the cuts of Ref. [24] . In addition, following Ref. [31] , we require for the two jets to have transverse momenta p T i > 5 GeV and rapidities |y i | < 2 (i = 1, 2) and to be separated by ∆R = (y 1 − y 2 ) 2 + (φ 1 − φ 2 ) 2 > 1 according to the k T -clustering algorithm [32] . While no actual clustering is performed, the separation of the two jets is necessary to avoid collinear singularities in the final state. In Fig. 6 , we analyze the relative importance of the various colour-octet channels. We observe that the [10] . The total y distribution shown in Fig. 7 (solid line) exhibits a marked minimum at y = 0. Its decomposition into the contributions where the dijets are of gg (dotted line) and(dashed line) origin clarifies that this minimum stems from the latter contribution. This may be understood by observing that the q andq quarks may be created from the splitting of the incident photons, in which case they are dominantly collinear to the mother photons. On the other hand, the final-state gluons are either both directly radiated off the heavy-quark line or emerge through the 1 → 2 splitting of a virtual gluon that is radiated off the heavy-quark line, so that the resulting y distribution is expected to have a shape similar to the one of γγ → J/ψ + j studied in Fig. 5 , which has a maximum at y = 0.
In Fig. 8 , we make an attempt to obtain a first hint at the size of the NLO correction to the cross section of γγ → J/ψ + X, where X is a gluon jet or a prompt photon. To this end, we compare the LO p T distribution of γγ → J/ψ + X (dotted line), taken from Fig. 4 , with the one of γγ → J/ψ + jj after integrating the dijet invariant mass √ s jj over all kinematically allowed values with s jj > M 2 (lower solid line) and M 2 /20 (upper solid line). A similar strategy was adopted in Ref. [14] to estimate the NLO correction to J/ψ-meson hadroproduction via the
1 channel at finite values of p T . The dependence on the s jj lower cutoff would be compensated in the full NLO result by the virtual and soft real corrections, which are not yet available. However, from Fig. 8 we learn that this dependence is reduced as the value of p T increases. Moreover, the missing part of the NLO contribution should have a similar p T dependence as the LO result, and it should, therefore, be suppressed relative to the available part, presented in Fig. 8 , at large values of p T . Consequently, we expect the NLO correction factor to be significantly larger than unity in the high-p T regime. Of course, a solid statement can only be made on the basis of a complete NLO analysis. For comparison, we also indicate in Fig. 8 [10] . Strictly speaking, γγ → J/ψ + jj contributes to the real QCD correction to γγ → J/ψ + j, but not to γγ → J/ψ + γ. However, the NLO correction to the latter process is suppressed by the factor α/α s relative to the NLO correction under consideration here, and it can thus be safely neglected.
We now turn to γγ collisions at TESLA. As explained above, in the e + e − mode, the photons originate from bremsstrahlung and beamstrahlung, while in the γγ mode, they arise from the back-scattering of laser light on the incident electron and positron beams. In Figs. 9-12 , the contributions due to bremsstrahlung (dashed lines), beamstrahlung (dotdashed lines), their coherent superposition (solid lines), and Compton scattering (dotted lines) are shown separately. We apply the same cuts on p T , y, p T i , and y i (i = 1, 2) as in the LEP2 case. The p T and y distributions of γγ → J/ψ + X, where it is summed over X = j and X = γ, are presented in Figs. 9 and 10, respectively. From Eq. (4) we know that small values of p T typically correspond to small values of x and vice versa. Since the bremsstrahlung and beamstrahlung spectra are peaked at x = 0, while the Compton spectrum is peaked at x = x max , it hence follows that the bremsstrahlung and beamstrahlung contributions significantly overshoot the Compton one in the small-p T regime, while the latter wins out at large values of p T , a feature which so far has gone unnoticed in the literature. Owing to the rapid fall-off of the p T distributions in Fig. 9 , the corresponding y distributions in Fig. 10 receive their bulk contributions from the smallp T regime. This explains why the Compton contribution is greatly suppressed relative to the bremsstrahlung and beamstrahlung ones. The beamstrahlung contribution exhibits a prominent peak about y = 0 and drops off at |y| ≈ 3, while the bremsstrahlung one has a flatter shape and dominates for |y| ∼ > 2.2.
The p T and y distributions of γγ → J/ψ + jj, with all the leading colour-octet channels included, are shown in Figs. 11 and 12 , respectively. Comparing Fig. 11 with Fig. 9 , we observe that now the Compton contribution starts to exceed the one due to bremsstrahlung and beamstrahlung already at p T ≈ 9 GeV. This may be understood by observing that it is now possible for x to take large values at small values of p T if the dijet invariant mass is sufficiently large. As in Fig. 7 , the y distributions are symmetric about y = 0 and exhibit a local minimum there. This feature is particularly pronounced for the Compton contribution. As in Fig. 10 , the beamstrahlung contribution exceeds the bremsstrahlung one in the central y region and only extends out to |y| ≈ 3, while the bremsstrahlung one dominates for |y| ∼ > 2.2.
Conclusions
We calculated the cross section of γγ → J/ψ + jj in direct photoproduction at LO in the NRQCD factorization formalism and provided theoretical predictions for the J/ψ-meson p T and y distributions in γγ collisions via initial-state bremsstrahlung at LEP2 and via bremsstrahlung and beamstrahlung or laser back-scattering at TESLA. We also performed a similar study for γγ → J/ψ + X, where X represents a gluon jet or a prompt photon, and compared our results with the literature [15, 16, 17] . We found agreement with Refs. [15, 17] , but disagreement with Ref. [16] for both X = j and X = γ. The contributions due to single-resolved and double-resolved photoproduction are expected to be suppressed if the J/ψ-meson transverse momentum and/or the dijet invariant mass are large as compared to the J/ψ-meson mass. In the CSM, only γγ → J/ψ + γ can happen in direct photoproduction. Experimental observation of γγ → J/ψ + j or γγ → J/ψ + jj with the predicted cross sections would provide evidence for the existence of colour-octet processes in nature. An interesting feature of γγ → J/ψ + jj is the appearance of a marked minimum of the y distribution at y = 0. The cross section of γγ → J/ψ + jj provides an essential ingredient for the calculation of the NLO correction to the one of γγ → J/ψ + X. The virtual and soft real corrections remain to be calculated in order to obtain the full NLO correction factor. Our analysis indicates that the latter is likely to be significantly larger than unity at large values of p T . Table 1 : Integrated cross sections (in fb) of γγ → J/ψ + X, with X = j, γ, jj, via direct photoproduction in γγ collisions at LEP2, TESLA, and its γγ option. The applied cuts are 2 < p T < 12 GeV and |y| < 1.5 for the J/ψ meson and p T i > 5 GeV, |y i | < 2 (i = 1, 2), and ∆R > 1 for the dijet system. At e + e − colliders, the J/ψ meson can be easily detected through its decay to a µ + µ − pair, with branching fraction (5.88 ± 0.10)% [21] . Unfortunately, the LEP2 experiments
have not yet extracted from their recorded data the cross section of inclusive J/ψ-meson production in γγ collisions. The OPAL analysis of γγ → 2j + X is based on an integrated luminosity of 384 pb −1 [31] . Assuming that the other LEP2 experiments, ALEPH, DEL-PHI, and L3, have data samples of similar sizes and folding in the J/ψ → µ + µ − branching fraction, we conclude that a J/ψ-meson production cross section of 1 pb translates into approximately 90 signal events at LEP2. The design luminosities for the e + e − and γγ modes of TESLA, with √ S = 500 GeV, are 3.4 × 10 34 cm −2 s −1 and 0.6 × 10 34 cm −2 s −1 [33] , respectively, which corresponds to 340 fb −1 and 60 fb −1 per year. Thus, a J/ψ-meson production cross section of 1 fb yields about 20 and 3.5 signal events at TESLA operating in the e + e − and γγ modes, respectively. In Table 1 , we list the integrated cross sections of γγ → J/ψ + X, with X = j, γ, jj, via direct photoproduction in γγ collisions at LEP2, TESLA, and its γγ option. The applied cuts are 2 < p T < 12 GeV and |y| < 1.5 for the J/ψ meson and p T i > 5 GeV, |y i | < 2 (i = 1, 2), and ∆R > 1 for the dijet system. The respective numbers of expected signal events emerge through multiplication of the entries in Table 1 with the cross section to event number conversion factors quoted above. ee → J/ψ + γ, 3 S 1
dσ/dp Figure 4: Transverse-momentum distribution dσ/dp T , integrated over rapidity interval |y| < 1.5, of γγ → J/ψ + X, where X represents a gluon jet or a prompt photon, via bremsstrahlung at LEP2. The contributions corresponding to these two final states are also shown separately.
ee → J/ψ + X at LEP2 (Bremsstr.)
ee → J/ψ + γ, 3 S 1 Figure 5: Rapidity distribution dσ/dy, integrated over transverse-momentum interval 2 < p T < 12 GeV, of γγ → J/ψ + X, where X represents a gluon jet or a prompt photon, via bremsstrahlung at LEP2. The contributions corresponding to these two final states are also shown separately.
ee → J/ψ + 2 jets at LEP2 (Bremsstr.)
dσ/dp Figure 6: Transverse-momentum distribution dσ/dp T of γγ → J/ψ + jj via bremsstrahlung at LEP2. The contributions due to the various colour-octet channels are also shown separately. Figure 8: Transverse-momentum distribution dσ/dp T of γγ → J/ψ + X via bremsstrahlung at LEP2. The sum of the LO contributions for X = j and X = γ is compared with the 2 → 3 part of the NLO contribution for dijet invariant mass s jj > M Figure 9: Transverse-momentum distribution dσ/dp T , integrated over rapidity interval |y| < 1.5, of γγ → J/ψ + X, where X represents a gluon jet or a prompt photon, via bremsstrahlung, beamstrahlung, their coherent superposition, and laser back-scattering at TESLA. Figure 10: Rapidity distribution dσ/dy, integrated over transverse-momentum interval 2 < p T < 12 GeV, of γγ → J/ψ + X, where X represents a gluon jet or a prompt photon, via bremsstrahlung, beamstrahlung, their coherent superposition, and laser backscattering at TESLA. Figure 11: Transverse-momentum distribution dσ/dp T of γγ → J/ψ + jj via bremsstrahlung, beamstrahlung, their coherent superposition, and laser back-scattering at TESLA.
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ee → J/ψ + 2 jets at TESLA Figure 12: Rapidity distribution dσ/dy of γγ → J/ψ + jj via bremsstrahlung, beamstrahlung, their coherent superposition, and laser back-scattering at TESLA.
